We examine the reionization history of present-day galaxies by explicitly tracing the building blocks of halos from the Cosmic Reionization On Computers project. We track dark matter particles that belong to z = 0 halos to trace the neutral fractions at corresponding positions during rapid global reionization. The resulting particle reionization histories allow us to explore different definitions of a halo's reionization redshift and to account for the neutral content of the interstellar medium. Consistent with previous work, we find a systematic trend of reionization redshift with mass -present day halos with higher masses have earlier reionization times. Finally, we quantify the spread of reionization times within each halo, which also has a mass dependence.
INTRODUCTION
The gas content in the present day intergalactic medium (IGM) between galaxies is highly ionized (Gunn & Peterson 1965) . The history and sources of this ionization is one of the outstanding question in studies of galaxy formation.
Several current and forthcoming observational probes focus on the origin of IGM ionization, i.e. the epoch of cosmic reionization. Currently, the Hubble Space Telescope (HST) probes high redshift galaxy candidates between z ∼ 6 and z ∼ 10 which are likely reionization sources (Bouwens et al. 2013; McLure et al. 2013; Bouwens et al. 2015; Finkelstein et al. 2015; Livermore et al. 2017 Livermore et al. , 2018 . In the next decade, the James Webb Space Telescope (JWST) will increase the sample of high z galaxies, and future measurements of 21-cm radio emission will probe neutral hydrogen at these high redshifts (Furlanetto et al. 2006; Morales & Wyithe 2010; Robertson et al. 2015; Madau 2018) .
One of the interesting topics in reionization studies is the exploration of ionization histories of individual galaxies, including our own galaxy, the Milky Way. For example, cosmic reionization may have left its imprint on the population of dwarf galaxies in the Local Group (for a recent review and earlier references, see Bullock & Boylan-Kolchin 2017; Weisz & Boylan-Kolchin 2017; Graus et al. 2018; Kim et al. 2018) . In order to investigate the connection between reionization and presentday halos, we need to model halo evolution throughout its entire cosmic history, from the epoch of reionization to the present day. The majority of previous works have examined the reionization history of individual halos using semi-numerical methods (Alvarez et al. 2009; Busha et al. 2010; Lunnan et al. 2012; Li et al. 2014 ). Most recently, Aubert et al. (2018) used a fully-coupled radiation-hydrodynamics simulation to study the reionization histories of high redshift progenitors of z = 0 halos from an N-body only simulation, with a focus on halos ranging from 10 8 h −1 M to 10 13 h −1 M . In this paper, we use the "Cosmic Reionization On Computers" (CROC) project to build upon and extend a previous study of the reionization history of present day halos from Aubert et al. (2018) . CROC produces nu-merical simulations of reionization that self-consistently model relevant physical processes, providing a physically plausible (though, of course, not perfect) model for cosmic reionization. We briefly describe simulation details in §2. Our methods and analysis are largely complementary to the work by Aubert et al. (2018) : we explicitly account for the neutral content of the interstellar medium (ISM) in our definition of reionization redshift, and we look at how reionization varies across the building blocks of present day halos. We explore in detail the ionization process of a single halo and the very definition of the halo reionization moment. This paper is organized as follows. Section 2 briefly describes the CROC simulations and how we calculate the reionization history of halos. In Section 3, we first show the variations in reionization history as a function of halo mass at z = 0 depending on the definition of reionization redshift and quantify the spread in halo reionization times. Finally, we discuss the overall trend of reionization history with halo mass and future work.
METHODOLOGY

CROC Simulations
All CROC simulations were performed with the Adaptive Refinement Tree (ART) code (Kravtsov 1999; Kravtsov et al. 2002; Rudd et al. 2008) . They include a wide range of physical processes that are thought to be necessary to self-consistently model cosmic reionization, such as gravity and gas dynamics, fully coupled radiative transfer, atomic cooling and heating processes, molecular hydrogen formation, star formation and stellar feedback. Full details of the simulations are described in the first CROC paper Gnedin (2014) .
For our project, we extract data from three independent random realizations of a 40h −1 comoving Mpc simulation box. Each of the three runs contains 1024 3 dark matter particles and starts with the same number of grid cells. Grid cells are then adaptively refined and unrefined during the simulation, to maintain the approximately Lagrangian behavior (approximately constant gas mass per simulation cell).
These "full physics" simulations are too expensive to be continued to z = 0. In order to make connection to the present day, we completed three dark matter only simulations with the same three sets of initial conditions and the same mass resolution (1024 3 particles). We identify halos at z = 0 with the 'yt' implementation of the HOP algorithm (Eisenstein & Hut 1998; Turk et al. 2011) . The halo masses extracted by HOP are defined within R vir = R 160c of the halo center. This region encompasses an average density that is ρ tot = 160ρ c .
Defining the Reionization Redshift
The CROC simulations track ionized fractions (x HII ) and neutral fractions (x HI ) in separate fields on the grid. The global behavior of cosmic reionization in these simulations have already been explored in Gnedin & Kaurov (2014) . There, they showed the evolution of massand volume-weighted hydrogen fractions with redshift, as well as the distributions of ionized and neutral bubbles at different redshifts.
To define the reionization redshift of a halo, we use the dark matter particles within R vir of present day halos to trace their progenitors and establish reionization history of the full Lagrangian region of each halo, sampling not only the main progenitor for each halo, but also all resolved satellite halos accreted throughout the whole cosmic history. Figure 1 shows how Lagrangian regions of two different halos change between z = 6 (in red) and z = 0 (in blue). Two panels correspond to halos with z = 0 masses ofM halo ≈ 3 × 10 11 M and 10 14 M respectively. Note that the more massive halo collapses from a region of the order of 10h −1 Mpc in diameter in comoving units. In defining the reionization history of a halo, we wish to capture the evolution of neutral fraction from this entire Lagrangian region, therefore tracing the full reionization history of each halo.
We start with the ansatz that the dark matter particles of a halo at z = 0 trace and sample the gas of halo progenitors. In order to compile the full reionization history of each halo, we track the neutral fraction, x HI , in cells that each dark matter particle passes through, treating the dark matter particles of a z = 0 halo as tracers. Each tracer particle therefore has an associated reionization history. We show example particle reionization histories in Figure 2 for two different halos. Individual particle histories are shown with grey lines, with the red thick line tracing the median particle reionization history within that halo. Note that the more massive halo (right panel) has particles whose reionization histories drop below 10 −2 well before z = 10, whereas the less massive halo (left panel) does not. Additionally, the reionization histories of the tracer particles in the more massive halo is more diverse because more massive halos collapse from a larger Lagrangian region.
Operationally, in order to construct reionization history for a given particle, we track its positions in the simulation snapshots in the range of 5 ≤ z ≤ 19 and find the corresponding neutral fractions of gas in those positions at each snapshot. We enforce monotonicity for each particle's reionization history, requiring the x HI value of a particle at each redshift to be less than or equal to its x HI value at earlier redshifts. The forced monotonic- M halo = 9.66 × 10 13 M Figure 1 . Particle positions of present day halos at z = 0 and z = 6 in comoving h −1 Mpc. Blue points represent particles at z = 0; red points represent the same particles at z = 6. Two panels from left to right show halos of masses ≈ 3 × 10 11 and 10 14 M respectively. The 10 14 M halo is one of the most massive objects in our simulations, and the image shows particles that are downsampled by a factor of 10,000. The 3 × 10 11 M halo is downsampled by a factor of 100.
ity is to ensure that each reionization history has a well defined value of reionization redshift. Physically, we expect that once a generic parcel of gas is ionized during cosmic reionization, it remains ionized throughout the cosmic history (recombining back to neutral for a prolonged period of time should be a rare process that we neglect here). However, using dark matter particles for tracing the gas results in imperfect sampling of inhomogenous reionization regions, resulting in fluctuations across more and less ionized regions. A complicating feature of CROC simulations absent in the previous studies is the existence of a subset of particles that "never reionize", i.e. whose past trajectories are confined to regions that remain significantly neutral (i.e., x HI always stays above a given threshold) through the entire epoch of reionization (5 z 19). Such particle histories are shown with blue lines in Figure 2. We associate these histories with particles that trace dense gas structures (like the actual galactic disks of progenitor galaxies, which are fully resolved in CROC simulations and which, obviously, always remain neutral) of a z = 0 halo and label such particles as "ISM particles". Their reionization histories are not well defined and such particles should be excluded from the definition of a "reionization history of a given halo". Including these particles would systematically bias low the reionization redshift of each halo.
We define "ISM" particles as particles whose past trajectories never pass through a spatial region with hydrogen neutral fraction x HI below 10 −2 . We also test other values for the "ISM threshold" of x HI > 10 −1 and x HI > 10 −3 , but these do not significantly alter the main plots. We discuss these particles further in Section 3.1.
We tested two definitions of the reionization redshift of a halo with respect to a chosen neutral fraction threshold, x HI,th . The first definition uses the individual particle histories within each halo. The earliest time the neutral fraction along the reionization history of a tracer particle crosses the neutral fraction threshold, x HI,th , is our definition of the reionization redshift for that tracer particle. To calculate this, we smoothly interpolate the monotonically decreasing x HI values over the redshift snapshots of our simulation. To avoid discretization effects, we further smooth the distribution of reionization redshifts. We draw a random redshift from the redshift bin whose edges are defined by the simulation snapshots that bracket the earliest neutral fraction crossing time. This is a reasonable procedure since the true crossing time can be anywhere in that bin.
The halo reionization redshift according to the first definition for a given x HI,th is then simply the median reionization redshift of all of the non-"ISM" tracer particles for that halo.
The second definition uses the median particle history per halo. The thick red line in Figure 2 illustrates the median history of all particles, excluding the "ISM" population. The median of x HI values at each interpolated redshift defines the median particle reionization history. A halo reionization redshift for a given x HI,th under this second definition is simply the redshift when the median particle history crosses that threshold. While the second definition of a halo reionization redshift differs from the first, there is a negligible statistical difference in each mass bin with an rms difference less than 0.5%. However, since we are not looking at the reionization history for each individual particles, we no longer have The particles from the 3×10 11 M halo have been downsampled by a factor of 100 for visualization and the particles from the 10 14 M halo have been downsampled by a factor of 10,000. The median reionization history of all tracer particles of this halo is shown in red. More massive halos have particles whose reionization histories are more diverse since these halos collapsed from a larger volume. The median reionization time is also earlier for more massive halos.
the information on the spread between particles in the same halo.
We therefore use the first definition to also quantify the spread in particle reionization redshifts and its mass dependence.
3. RESULTS
Neutral substructure in halo progenitors
In computing reionization times for halos, we identify subsets of halo particles whose neutral fraction remains above x th,ISM > 10 −2 until z ≈ 5 and refer to these as "ISM" particles. We also test the effects of varying the threshold for "ISM" particles between x th,ISM > 10 −1 and x th,ISM > 10 −3 . Figure 3 shows the distribution of progenitor particles at z = 5.89 for a halo of z = 0 mass ≈ 3 × 10 11 M . The left panel shows all progenitor particles, and the right panel zooms into a region where we can distinctly see two progenitor halos. In grey, we show the distribution of particles whose associated reionization histories goes below the threshold for "ISM" particles at z > 5. In red we show the distribution of "ISM" particles. The "ISM" particle distribution tends to clump in overdense regions at the centers of progenitor halos. These particles trace high local densities that are harder to reionize and reservoirs of molecular hydrogen that continues to form stars. Overdense regions may include the always neutral galactic disks, damped Lyman-alpha systems, tidal tails from satellites that are analogous to the Magellanic stream in the Milky Way halo, or any other regions that is dense and opaque enough not to be highly ionized by the cosmic background. As noted in Section 2.2, we exclude these particles when defining the reionization redshift of a halo and its components.
The choice of x th,ISM makes minimal difference in our main results. When increasing (decreasing) the threshold defining "ISM" particles, the "ISM" particles in Figure 3 become less (more) concentrated and localized in the halo progenitor centers. When using a smaller value for the "ISM" threshold, more dark matter particles are tagged as "ISM", and extend to more diffuse regions. However, our main results do not significantly vary across the threshold values we tested, x th,ISM ∈ (10 −1 , 10 −2 , 10 −3 ). The overall reionization redshift trend with halo mass minimally changes, and the spread of the particle reionization redshifts in each halo systematically decreases.
Particle Reionization Redshift Trends with Halo Mass
Reionization plays a key role in galaxy formation at high redshifts, whose end effects we observe in presentday halos. We show the reionization redshift as a function of present day halo mass in Figure 4 . Here, we use the first definition of halo reionization redshift described in Section 2.2, which is the median reionization redshift of the individual particle reionization redshifts from each halo.
The solid lines in Figure 4 correspond to the median halo reionization redshift in each mass bin. Each color corresponds to a different neutral fraction threshold, x HI,th , which determines when a tracer particle is "reionized". The shaded green region correspond to the 25th and 75th percentile of halo reionization redshifts per mass bin for our chosen fiducial threshold, x HI,th = 0.01. The width of the 25-75 percentiles for other definitions is comparable. For our fiducial threshold, halos with masses in our lowest mass range have median halo reionization redshifts of z reion,halo ≈ 7.4. The median reionization redshift increases for halos in the range 10 11 M < M < 10 12 M whose reionization redshifts scatter between 7.5 z reion,halo 8.3. The reionization redshift continues to increase with halo mass, and the shaded region has comparable width in all of our mass bins. On average, more massive halos reionize earlier than less massive halos, regardless of the selected neutral fraction threshold for reionization.
As we increase (decrease) the neutral fraction threshold, the halo reionization redshifts increase (decrease). For the highest threshold we show, x HI,th = 0.1, the lowest mass bins have median halo reionization redshift of z reion,halo ≈ 7.5, and for the lowest threshold, x HI = 0.001, the corresponding reionization redshift drops to z reion,halo ≈ 6.6. On the other end of the halo mass bins, the highest and lowest thresholds respectively give z reion,halo ≈ 8.3 and z reion,halo ≈ 7. Here we see that different definitions of a neutral fraction threshold for a reionized halo gives different reionization redshifts. This indicates that the reionization process for halos is neither rapid nor instantaneous.
Since our halo reionization histories incorporate the associated reionization history of all dark matter particles within the virial radius, we can capture the full variation of particle reionization redshifts within each halo. We illustrate this variation in Figure 5 . Here, we show the difference between the 75th and 25th percentiles of particle reionization redshifts in each halo, ∆z 75th−25th percentile . We plot this spread in halo mass bins where the solid line corresponds to the median spread per mass bin, and the shaded region the 25th-75th percentile of the spread per mass bin.
For all neutral fraction thresholds, the spread increases as a function of halo mass. More massive halos collapse from a larger volume at high redshifts, and therefore have building blocks that experience more diverse reionization histories.
For the fiducial neutral fraction threshold, x HI,th = 0.01 in green, the spread increases from ∆z 75th−25th percentile ≈ 0.3 to ∆z 75th−25th percentile ≈ 1.0 across the first four decades in mass. This rapid increase in spread holds for other neutral fraction thresholds that define the reionization redshift.
On average, lower neutral fraction thresholds exhibit larger spreads. At the lowest mass bins, the chosen neutral fraction threshold does not much impact the spread in any of the boxes. Our analysis shows that the progenitors of any given present-day halo has varying reioniza- Figure 5. Spread of the particle reionization times in each halo. Line colors correspond to the same x HI,th as in Figure 4 . The smallest threshold of x HI,th = 1 × 10 −3 has the largest spread in particle reionization time, and the spread increases with halo mass.
tion histories and the halo reionization history cannot be characterized only by its center or mainline progenitor.
SUMMARY AND DISCUSSION
We have used the CROC simulations, cosmological boxes that self-consistently follow reionization processes by the UV radiation from stars, to study the reionization history of present day galaxies whose mass range lies between 10 8 M < M halo < 10 14 M . We explore the reionization histories of present day halos by tracing the associated reionization histories with all dark matter particles associated with the z = 0 halo. We find that present day halos with higher masses have earlier reionization redshifts, consistent with previous studies. Our work shows that progenitors of our z = 0 halos contain "always-neutral" particles in overdense regions that are less impacted by reionizing photons, remaining substantially neutral even during redshifts when the universe is considered to be reionized. Finally, our work extends previous studies by examining the spread of reionization redshifts associated with the building blocks of each halo, finding that the progenitors of higher mass halos have more diverse reionization histories leading to a larger spread of particle reionization redshifts.
Our main results are:
• Halo reionization process is neither rapid nor instantaneous. Different neutral fraction thresholds for a "reionized" halo yield varying reionization redshifts.
• Particles in the same halo have different reionization histories with a non-negligible spread in halo reionization redshifts. Therefore, we cannot simply characterize halo reionization history by tracing the halo center or its mainline progenitor.
• There is a population of dark matter particles that trace dense gas regions associated with progenitor halos that stay relatively neutral through the duration of reionization.
In future work, we plan to examine the reionization histories of different components of present day halos with a more careful analysis of progenitors connected via a merger tree.
